ABSTRACT: Understanding the bioaccumulation mechanisms of per-and polyfluoroalkyl substances (PFASs) across different chain-lengths, isomers and functional groups represents a monumental scientific challenge with implications for chemical regulation. Here, we investigate how the differential tissue distribution and bioaccumulation behavior of 25 PFASs in crucian carp from two field sites impacted by point sources can provide information about the processes governing uptake, distribution and elimination of PFASs. Median tissue/blood ratios (TBRs) were consistently <1 for all PFASs and tissues except bile which displayed a distinct distribution pattern and enrichment of several perfluoroalkyl sulfonic acids. Transformation of concentration data into relative body burdens (RBBs) demonstrated that blood, gonads, and muscle together accounted for >90% of the amount of PFASs in the organism. Principal component analyses of TBRs and RBBs showed that the functional group was a relatively more important predictor of internal distribution than chainlength for PFASs. Whole body bioaccumulation factors (BAFs) for short-chain PFASs deviated from the positive relationship with hydrophobicity observed for longer-chain homologues. Overall, our results suggest that TBR, RBB, and BAF patterns were most consistent with protein binding mechanisms although partitioning to phospholipids may contribute to the accumulation of long-chain PFASs in specific tissues.
■ INTRODUCTION
Per-and polyfluoroalkyl substances (PFASs) is the summary term for a broad class of anthropogenic chemicals that have been subject to intense research since 2001 when their global presence in humans and wild-life samples was first discovered.
1,2 Particular attention has been directed to the long-chain perfluoroalkanesulfonic acids (PFSAs, C n F 2n+1 SO 3 H, n ≥ 6) and perfluoroalkyl carboxylic acids (PFCAs, C n F 2n+1 COOH, n ≥ 7) which are highly persistent, bioaccumulative and exert different forms of toxicity in animal models. 3, 4 Due to their adverse environmental properties a series of actions have been taken to substitute long-chain PFASs and their respective precursors with shorter-chain homologues and an array of perand polyfluoroalkyl ether compounds. 5−7 As many of these PFAS alternatives are structurally similar to the chemicals that they replace, scientists and regulators worldwide are calling for improved approaches to comprehensively assess the hazard profiles of PFASs.
8−10
One of the major obstacles for effective management of PFASs is to determine whether or not they fulfill regulatory criteria for bioaccumulation potential (B) which has caused delays in regulatory decisions for substances such as perfluorooctanoate (PFOA). 11 For neutral hydrophobic chem-icals, the octanol−water partitioning coefficient (K ow ) is often used in chemical hazard assessment as surrogate for empirical bioconcentration/bioaccumulation factors (BCFs/BAFs). 12 As PFASs, unlike most traditional persistent organic pollutants, are not lipophilic the existing regulatory paradigm based on octanol−water partitioning cannot be used for this group of substances. Assessment of the B criteria for PFASs, therefore, relies on empirical measurements of BAFs/BCFs, biomagnification factors in fish or elimination rates in mammalian species 3, 12, 13 which are time-consuming to generate and often insufficient to cover interspecies variability in bioaccumulation potential.
In order to overcome this gap in chemical hazard characterization, significant research efforts are needed to understand the underlying mechanisms of PFAS bioaccumulation and develop mechanistic bioaccumulation models.
14−17 So far, two conceptually different hypotheses have been proposed to explain the bioaccumulation behavior of PFASs. One hypothesis stipulates that partitioning to phospholipid bilayers, which have a moderate affinity for PFASs, 15, 18 has a major influence on the whole body bioaccumulation potential of PFASs in aquatic organisms. 15, 18 The other hypothesis suggests that noncovalent interactions with various proteins (e.g., serum albumin, fatty acid binding proteins, and organic anion transporters (OATs)) are the most important mechanisms that govern the uptake, distribution and elimination of PFASs. 19 A central observation in the discussion of PFASs bioaccumulation mechanisms is the characteristic tissue distribution and to what extent it can be explained by the phospholipid partitioning and protein binding hypothesis, respectively.
14,15 Data on internal distribution of PFASs have, however, primarily been reported for linear long-chain PFCAs and PFSAs in a limited number of tissues.
20−28 For short-chain PFASs and branched isomers of perfluorooctanesulfonic acid (PFOS) and PFOA data on tissue distribution are scarce and/ or display substantial inconsistencies between different studies and species. 29−32 For example, one study on human autopsy samples suggests that short-chain PFCAs have enrichment factors in some tissues (particularly brain tissue) that exceed those of long-chain PFASs by several orders of magnitude. 30 This finding is in stark contrast to the toxicokinetic studies in rodents which show that the apparent volume of distribution for short-and long-chain PFCAs are typically within a factor of 2. 31 The lack of conclusive data on tissue distribution for shortchain PFASs and branched isomers can partly be explained by the difficulties to accurately quantify these substances at background concentrations in biomonitoring studies. Controlled toxicokinetic studies, on the other hand, are usually performed only for single or a few substances at the same time making it difficult to compare distribution patterns for a wide range of PFASs with different chain-lengths, isomeric structures and functional groups. Comparing data from controlled dose studies with environmentally relevant exposure conditions may also be complicated by the difference in dose levels, 33 presence of precursor compounds 34 and the physiological conditions of the model species. 35, 36 In this study we investigate the distribution patterns for a wide range of PFASs with varying chain-lengths, isomeric structures and functional groups in multiple tissues of crucian carp to provide information about the underlying bioaccumulation mechanisms. By analyzing water and biota samples from two different freshwater systems impacted by point source emissions we were able to quantify 25 individual PFASs in whole blood, bile and 8 different organ tissues of crucian carp. The data sets were subsequently analyzed using multivariate statistics to identify differential accumulation patterns among different tissues and PFASs.
■ MATERIALS AND METHODS
Model Species and Sample Collection. Crucian carp (Carassius carassius) was selected as a model species due to its stationary nature and widespread distribution in fresh water systems throughout China. Two different fresh water systems in China with exceptionally high levels of PFASs, Tangxun lake and Xiaoqing river, were chosen for this study to achieve a high detection frequency for a large number of analytes. These two sampling locations are hereafter referred to as TL and XR respectively. TL is a shallow lake with a surface area of 32 km 2 located in Hubei province, which receives municipal and industrial wastewater with suspected input from perfluorooctyl and perfluorobutyl sulfonyl fluoride (POSF/PBSF) production. 37 XR, located in Shandong province, is a 216 km long river that runs parallel to the Yellow river in a SW−NE orientation. XR receives industrial discharges from one of the world's largest production facilities of fluoropolymers including polytetrafluoroethylene (PTFE), polyvinylidene fluoride (PVDF), fluorinated ethylene propylene (FEP) and hexafluoropropylene (HFP). 38 In July 2014 a total of 43 crucian carp were collected from XR (n = 30) and TL (n = 13). All fish were alive during sampling and 2−5 mL whole blood samples (n = 43) were drawn using syringe, rinsed with a heparin sodium solution, and then transferred to a BD Vacutainer tube (Becton Dickinson Vacutainer System, UK) with EDTA. The fish were subsequently dissected in the field to extract liver (n = 43), kidney (n = 43), brain (n = 43), heart (n = 42), swim bladder (n = 43), gill (n = 43), gonad (n = 43) and muscle samples (n = 43), which were cleaned using milli-Q water to remove excess blood, and then homogenized. In addition, sufficient volumes of bile could be collected from 29 individuals. All samples were stored in an ice-box and transported to the laboratory after collection as soon as possible where they were kept at −20°C until chemical analysis. The length, weight, and sex of the fish were recorded along with the weight of all individual tissues except blood, and bile (Supporting Information (SI) Table S1 ). One liter surface water samples from TL (n = 3) and XR (n = 2) were collected at approximately 1 m depth in parallel with the fish samples using precleaned polypropylene beakers.
Target Analytes and Terminology. The target analytes for this study included linear (n-) perfluorobutanoic acid (PFBA), perfluoropentanoic acid (PFPeA), perfluorohexanoic acid (PFHxA), perfluoroheptanoic acid (PFHpA), PFOA, perfluorononaoic acid (PFNA), perfluorodecanoic acid (PFDA), perfluoroundecanoic acid (PFUnDA), perfluorododecanoic acid (PFDoDA), perfluorotridecanoic acid (PFTrDA), perfluorotetradecanoic acid (PFTeDA), perfluorobutanesulfonic acid (PFBS), perfluorohexanesulfonic acid (PFHxS), PFOS, linear perfluorooctane sulfomamide (n-FOSA), eight carbon chlorinated polyfluoroalkane ether sulfonic acid (C8 Cl-PFESA), branched isomers of PFOA (iso-, 5m-, 4m-, and 3m-), PFOS (iso-1m-, 4m/3m-, and 5m-) and sum of branched isomers of FOSA (br-FOSA). For br-FOSA we reported the sum of isomers due to the lack of individual isomer standards. It should be noted that the concentrations of n-PFOS and C8 Cl-PFESA (referred to by its trade name F-53B) have already been reported in our previous paper, 39 but were included in the statistical evaluation of this study. Throughout the manuscript, we often refer to homologues of PFCAs and PFSAs by their number of perfluorinated carbon atoms (e.g., PFBA as C3 PFCA and PFBS as C4 PFSA).
Sample Treatment. A complete description of reagents and standards is provided in the Supporting Information (SI). For surface water samples, the preconcentration and cleanup were similar to methods used in our previous studies. 37, 38 In brief, 200 mL of water, prefiltered through a 0.7 μm glass fiber filter membrane, was spiked with 2 ng of internal standard (MPFCA-MXB) and then loaded onto an Oasis WAX singleuse cartridge (6 cc/150 mg), which was preconditioned using 4 mL of 0.1% ammonium hydroxide (in methanol), 4 mL of methanol, and 4 mL of ultrapure water at a rate of 1 drop/s. The cartridges were subsequently washed using 4 mL of buffer solution (25 mmol/L acetic acid/ammonium acetate, pH 4) and 8 mL of ultrapure water and centrifuged for 10 min at 3000 rpm to remove the residual water. Finally, the target compounds were eluted using 4 mL of methanol and 4 mL of 0.1% ammonium hydroxide (in methanol), which was subsequently concentrated to 1 mL under nitrogen gas prior to injection. All tissue samples were pretreated using two different extraction methods: alkaline digestion and ion-pairing liquid− liquid extraction, which have been described in detail previously. 39 Muscle samples were homogenized and freezedried under vacuum, followed by alkaline digestion and methanol extraction. In this procedure 0.2 g freeze-dried muscle sample spiked with 2 ng of internal standards was sonicated for 30 min in 10 mL of 10 mmol/L KOH methanol solution at 60°C, followed by shaking at 250 rpm for 16 h. Blood, bile and organ samples were extracted using ion-paring liquid−liquid method. In detail, 0.2−0.5 g of each samples were spiked with 2 ng of internal standards, 2 mL of NaHCO 3 / Na 2 CO 3 buffer solution (pH 10) and 1 mL of TBA solution for 0.5 h, and then extracted using 5 mL MTBE for three times by shaking at 250 rpm for 20 min. The supernatant was transferred, combined and then concentrated to 1 mL under nitrogen. Concentrated extracts of each sample were diluted to about 50 mL using ultrapure water and loaded onto a WAX cartridge following the procedure for water samples.
Instrumental Analysis. Instrumental analysis was performed using high performance liquid chromatography (HPLC) with a dual pump and autosampler (Ultimate 3000, ThermoFisher Scientific), coupled to electrospray ionization tandem mass spectrometry (ESI-MS/MS, API 4500, Applied Biosystems/MDS SCIEX), with separation on an Ascentis Express F5 PFP Column (2.7 μm, 90 Å, 2.1 mm × 100 mm, Sigma-Aldrich). The mobile phase was a mixture of methanol (eluent A) and 20 mM ammonium hydroxide/20 mM formic acid in water (eluent B). The solvent gradient started at 90% B, then ramped to 40% B by 1.0 min and held for 2 min, decreased to 12% B by 14 min, 0% B by 14.5 min, returned to initial conditions by 14.6 min and held for 6.4 min. The flow rate was held at 0.25 mL/min. Quality Assurance. All laboratory consumables, solvents, and dissection tools were checked for contamination, and one procedural blank sample was conducted for every ten samples. Field blanks included polypropylene bottles filled with milli-Q water and aluminum wrappers which were opened in the field. However, all procedural, field, and solvent injection blanks were consistently below instrumental detection limits. Instrumental drift was monitored by injecting a calibration standard for every 10 sample injections and a new calibration curve was constructed if a deviation of more than ±20% from its initial value was observed. Spike-recovery experiments were conducted by adding 2 ng of the native compounds to crucian carp tissue samples (n = 4) purchased on a Beijing market which had substantially lower concentrations of PFASs. In brief, the mean recoveries for all analytes and tissues were within 70−120%, except PFDA, PFUnDA, PFTrDA, and PFTeDA which had recoveries below 70% in some tissues, with a relative standard deviation of <20% (SI Table S4 ). Method quantification limits (MLQs) were calculated using a signal-to-noise ratio of 10 from a nine-point calibration curve (r 2 > 0.99). MLQs ranged 0.01− 0.20 ng/L in water and 0.002−0.66 ng/g in tissue samples (SI Table S4 ). Method detection limits (MDLs) were calculated using MLQs divided by 3. High resolution mass spectrometry (HRMS) with an Orbitrap Fusion MS system (Thermo Fisher Scientific, Waltham, MA) was employed to confirm the identity of PFBA and PFPeA, which only have one product ion in MS/ MS detection. Details regarding HRMS parameters and chromatograms of PFBA and PFPeA in tissue samples are provided in the SI.
Data analysis. The propensity of PFASs to leave the bloodstream and distribute to different tissues was assessed by calculating tissue/blood ratios (TBRs; unitless) on a wet weight concentration basis. To evaluate the contribution of specific tissues to the whole body bioaccumulation potential, a relative body burden (RBB; %) was calculated according to the following equation:
Where C tissue is the PFAS concentration in a particular tissue (ng/g ww) and m tissue is the weight of the tissue (g). Tissuespecific and whole body bioaccumulation factors (BAF tissue and BAF whole body ; L/kg) were calculated by the following equations:
Where f tissue (unitless) is the mass fraction of tissue relative to the total body weight and C water is the surface water concentration of PFASs. All calculations were performed for individual fish using measured concentrations for PFASs and tissue weights from post mortem examination (SI Table S1 ). Since blood and muscle weights could not be accurately determined f tissue values were set to 0.045 and 0.5 respectively based on literature values. 40 The carcass was assumed to have half PFAS concentrations of muscle in BAF whole body calculations. 41 Statistical Analysis. The statistical analyses included measurement data from 286 and 129 samples from XR and TL respectively. Statistical analyses were executed using the software R, ver. 3.0.0 considering a statistical significance threshold of p < 0.05. Summary statistics for concentrations, TBRs and RBBs were calculated for PFASs with detection frequencies >80% in all tissues using MDL/2 as a substitute for nondetects. BAFs were calculated for PFASs with detectable concentrations in surface water and detection frequencies >80% in at least one tissue using MDL/2 as a substitute for nondetects. Wilcoxon rank sum test was used to test for differences in blood concentrations between male and female fish. Principal component analysis was carried out for TBRs and RBBs including PFASs that were detected in >80% of the samples from all tissues in each location.
■ RESULTS AND DISCUSSION
Concentrations of PFASs in Water and Tissue Samples. The detection frequency and concentrations of analytes displayed large variation between the locations and sample matrices reflecting the composition of emission sources and partitioning behavior of PFASs. In surface water, C3−C10 PFCAs; C4, C6, and C8 PFSAs; n-FOSA; and C8 Cl-PFESA were detected in 100% of the samples from TL and XR. TL water samples also had detectable concentrations of br-FOSA and all individual branched isomers of PFOA and PFOS. In XR water samples all individual isomers of PFOA were detected. C11−C13 PFCAs were consistently < MDL in water samples from both locations. Median ∑PFAS concentrations in water samples from TL and XR were similar (30.0 μg/L and 25.9 μg/ L respectively) although the composition of individual PFASs varied greatly. PFBA (16.5 μg/L) and PFBS (7.97 μg/L) displayed the highest median concentrations in TL, whereas the sum of PFOA isomers (22.5 μg/L), PFHxA (3.80 μg/L) and PFHpA (2.18 μg/L) dominated in XR samples. Detection frequencies and concentrations in fish samples also varied greatly for the different PFASs. In XR, C3, C7−C12 n-PFCAs, and all branched isomers of PFOA, n-PFOS, C8 Cl-PFESA, and n-FOSA were detected in >80% of the samples from all tissues. In TL, C7−C12 n-PFCAs and iso-PFOA, PFBS, PFHxS, all isomers of PFOS, C8 Cl-PFESA, n-FOSA, and br-FOSA were detected in >80% of the samples from all tissues. No consistent gender differences in concentrations of PFASs in blood were observed for TL or XR samples (SI Table S5 ) and concentrations were therefore presented together. As expected from the surface water measurements, PFAS profiles in crucian carp blood samples from TL and XR were distinct from each other (SI Figure S2a−d) . Long-chain PFASs were generally found in the highest concentrations in blood samples from both TL and XR which is explained by the positive relationship between bioaccumulation factor and perfluoroalkyl chain-length. 3, 42 However, the data sets from TL and XR displayed several interesting anomalies compared with the majority of biomonitoring data on aquatic biota. 43 First, it should be noted that XR samples displayed a rather unique homologue pattern of PFCAs with concentrations of PFOA exceeding those of PFNA, PFDA, and PFUnDA by 1−2 orders of magnitude. In TL blood samples, the levels of PFBA were comparable to or exceeded those of long-chain PFCAs which is in stark contrast to the majority of previous studies. 43 Blood samples from TL also displayed high concentrations of PFBS which was the most abundant PFAS after PFOS and FOSA isomers. The unique PFAS profiles in fish blood samples from both TL and XR can be explained by the proximity to point sources reflecting ongoing emissions from POSF/PBSFand fluoropolymer manufacture at TL and XR, respectively. The significant contribution of short-chain PFASs, particularly in TL, indicates that these replacement substances are produced/used in parallel with long-chain homologues although their emission sources are not well documented. 37, 38 While the homologue patterns of PFCAs displayed substantial differences between the two locations, isomer profiles of PFOA were comparable with median values of ∑br-PFOA at 15.0% and 16.4% in TL and XR respectively. Furthermore, the profile of individual branched PFOA isomers (n-> iso-≥ 3m->5m-≥ 4m-) was identical in both locations (SI Figure S2b) . PFOS isomers displayed a higher proportion of ∑br-PFOS in TL (21.2%) compared to XR (10.5%) but there was no difference in the relative occurrence of individual isomers (n->iso-> 4m/ 3m-> 5m-> 1m-).
Tissue Distribution of PFASs. The internal distribution of PFASs is depicted as box-whisker plots of TBRs in Figure 1 . Median TBRs for PFCAs were consistently <1 in all tissues except for n-PFOA in bile of TL (Figure 1a and b) . After bile, the highest TBRs for PFCAs were observed in heart, kidney and liver for TL and gills, gonad, bladder, heart, kidney, and liver for XR. TBRs for PFCAs were consistently lowest in muscle tissue in both TL and XR. A weak negative trend in TBRs with increasing chain-length was observed from C3 to C9 PFCAs in the majority of tissues. However, in some tissues TBRs increased for C10 to C12 PFCAs resulting in a U-shaped pattern with increasing chain-length. This U-shaped trend was observed for the majority of tissues in XR, but only in brain and gonad from TL. All branched isomers of PFOA, except iso-PFOA in bile, displayed lower median TBRs compared to n-PFOA (Figure 1f) . TBRs for PFSAs, C8 Cl-PFESA and FOSAs displayed considerable variability within the different tissues and particularly in bile (Figure 1c and d) . Except for the strong enrichment of PFBS and PFHxS in bile, the highest median TBRs for PFSAs and C8 Cl-PFESA were observed in gonad, heart, kidney and liver. FOSAs displayed considerably lower TBRs than PFSAs and C8 Cl-PFESA for all tissues with distribution primarily to heart, kidney and liver (Figure 1c) . PCA plots revealed a contrasting variation between bile, kidney, and muscle versus all other tissues in both TL and XR data sets (SI Figure S3) . For TL samples PFBS, PFHxS, iso-PFOS, 4m/ 3m-PFOS and 5m-PFOS were associated with bile whereas long-chain PFCAs were associated with kidney. For XR samples, iso-PFOS and br-PFOA isomers were associated with bile whereas the linear long-chain PFCAs were associated with the other tissues.
The most pronounced differences in TBRs were observed between the classes of PFASs while the differences between homologues were relatively small, demonstrating that the headgroup of PFASs is a relatively more important predictor of the internal distribution than chain-length. Previous studies have shown that FOSA distributes primarily to the red blood cell fraction due to less favorable electrostatic interactions with serum albumin compared to the fully protonated PFCAs and PFSAs. 44−46 Based on the consistently higher TBRs of PFCAs and PFSAs compared to FOSA the acid functionality also appears to increase the distribution of PFASs to other tissues than blood. Perfluoroalkyl carboxylic and sulfonic acids of varying chain-lengths, isomeric structures or inclusion of heteroatoms displayed fairly consistent TBRs for the majority of tissues (within a factor of 2 for the majority of PFASs). The lack of strong enrichment in tissues is consistent with the majority of toxicokinetic studies showing that PFCAs of varying chain length are primarily distributed to the extracellular space of tissues. 31 Uptake to the intercellular space of tissues or partitioning to phospholipid bilayers may, however, explain the subtle differences in TBRs with perfluoroalkyl chain-length resulting in the U-shaped trend for some tissues. For example, the slightly higher TBRs of PFBA and PFBS compared to C8 homologues may be explained by the lower affinity for serum albumin, 19, 47 allowing these substances to be more readily available for transfer to tissues and elimination from the organism. The relatively high TBRs for PFDoDA and PFTrDA in brain, gonad, and swim bladder may, on the other hand, reflect the chain-length dependence in membrane-water partitioning of PFCAs and high phospholipid content of these tissues. 19, 48 Similar trends with a preferential distribution of longer chain PFCAs to brain tissue have also been reported in sea gulls 28 and polar bears. 20 TBRs in bile varied greatly for PFASs with different functional group and displayed no clear trend with perfluoroalkyl chain-length for sulfonic acids or carboxylic acids. TBRs in bile were also isomer-specific with all branched isomers of PFOA and PFOS (except 1m-PFOS) being more efficiently transferred to bile compared to the linear isomer. The contrasting TBR pattern in bile suggests that the distribution mechanism is distinct from the majority of tissues which may be explained by active transport mediated by specific proteins. 14, 49 Relative Body Burdens of PFASs. Blood, gonads and muscle contributed to >90% of the total body burden although the relative importance of these three tissues displayed some variation for the different PFASs and locations (SI Figure S4) . The highest median RBBs in gonads were observed for PFSAs and particularly iso-PFOS (42.5%), n-PFOS (37.9%), 5m-PFOS (35.7%), 4m/3m-PFOS (38.6%), and 1m-PFOS (35.2%) in TL. The higher RBBs in gonads for TL can be explained by a higher gonad somatic index compared to XR (SI Table S1 ) which results in a larger contribution of this tissue to the total body burden. For PFCAs, blood and muscle were relatively more important as storage depots with median RBBs ranging 33−50% and 24−35%, respectively, in both TL and XR. PCA plots displayed in Figure 2a and b illustrate a large variation in gonads, blood and muscle compared to the other tissues for both TL and XR. Br-FOSAs and n-FOSA were associated with blood while all other compounds were correlated with gonads and muscle. In previous papers discussing the importance of protein binding versus phospholipid partitioning the tissue distribution has primarily been discussed on the basis of concentration ratios (referred to as TBRs in this paper) leading to a focus on kidney and liver as the main target organs. 14, 15 By evaluation of RBBs it is evident that blood, gonads and muscle individually has a larger impact on the whole body bioaccumulation potential than all other tissues combined. In the case of muscle tissue, the high RBBs were due to the large mass fraction of this tissue whereas the high RBBs in gonads were due to a combination of relatively large mass fractions (especially in TL) and high affinity of PFASs (especially PFSAs) in this tissue. Regardless if the RBBs were driven by the concentration of PFASs or mass fraction, the sorption mechanisms of these tissues play a crucial role for determining the whole body bioaccumulation potential. In blood, it is widely accepted that sorption to serum albumin is the main mechanism for accumulation of PFCAs and PFSAs. 14, 15 Given that muscle tissue holds a comparable mass fraction of albumin as blood 14 the similar RBBs of PFASs in muscle and blood may be largely explained by sorption to extracellular albumin. Such a mechanism would also be consistent with the low TBRs of PFASs in muscle as the concentration of extracellular albumin is more than 10 times lower than that in blood.
14 In gonads, the large interindividual variability of RBBs and more pronounced compound-specific RBBs indicate that specific binding (e.g., binding to fatty acid binding proteins) or partitioning to phospholipids also contributes to the sorption capacity. In our previous paper, we hypothesized that the high phospholipid content of gonads contributes to the sorption capacity of n-PFOS and Cl-PFESA in this tissue. 39 As phospholipid partitioning is expected to increase with perfluoroalkyl chainlength 15, 18 this mechanism could potentially explain the slight increase in TBRs and RBBs for C10−C12 PFCAs (Figure 1 and SI Figure S4 ). At the same time, PFSAs and particularly branched isomers of PFOS displayed higher RBBs compared to long-chain PFCAs in gonads suggesting that electrostatic interactions and sterical effects, in addition to hydrophobicity, are important for determining the sorption capacity of gonad tissue.
Tissue-Specific and Whole Body BAFs. PFCAs and PFSAs with six or more perfluorinated carbons displayed a positive trend in BAFs with increasing chain-length and distinct differences for PFASs with different functional groups (sulfonic acid > sulfonamide > carboxylic acid). Branched isomers of PFOS and PFOA had consistently lower BAFs compared to the linear isomer while the inclusion of an ether bond and/or terminal chlorine leads to a higher BAF for C8 Cl-PFESA compared to n-PFOS (Figure 3 ). For short-chain PFASs, there was no apparent relationship between BAF and perfluoroalkyl chain-length. Although PFHxA displayed a lower BAF compared to PFHpA, the difference in BAF from an additional CF 2 unit was lower compared to C7 to C10 PFCAs. Furthermore, median BAFs of PFBA were higher than those of PFPeA, PFHxA, and PFHpA which clearly deviated from the trend of long-chain PFCAs. Tissue-specific BAFs displayed Figures S5−S13) .
The lack of a positive association between chain-length and BAFs for short-chain PFASs represents an interesting observation for understanding the relative importance of different bioaccumulation mechanisms. 15 According to the phospholipid partitioning mechanism, whole body BAFs are expected to be proportional to log K ow values from which phospholipid membrane partition coefficients are derived. As estimated log K ow values for PFASs display a continuous positive association with chain-length 50 the phospholipid partitioning may be a plausible mechanism to explain the trend in BAFs of long-chain PFASs. 15 However, when extending the data set to include shorter-chain PFASs it becomes apparent that the phospholipid partitioning cannot readily explain the trend of whole body BAFs for short-chain PFASs. Considering the relatively small differences in TBRs and RBBs between homologous PFCAs and PFSAs respectively (see previous sections), the diverging trend in BAFs of shortchain PFASs also cannot be explained by a fundamentally different sorption mechanism compared to long-chain PFASs. Thus, phospholipid partitioning does not appear to be a valid mechanism to explain the accumulation and distribution of PFASs across a wide range of chain-lengths. Evaluating the chain-length patterns with respect to the protein sorption mechanism is more complicated as the whole body BAFs will be the net result of several different interactions with specific transporter proteins, 51, 52 fatty acid binding proteins 53, 54 and serum albumin. 55−59 In addition to this complexity, the protein sorption coefficients for serum albumin display rather inconsistent chain-length patterns and vary more than 2 orders of magnitude for the same compound between different studies.
57−60 Thus, it is not possible to evaluate weather the observed chain-length patterns in BAFs are consistent with protein sorption mechanisms or not.
When comparing absolute BAF values reported in fish from TL and XR to those reported in literature there is some variability between different study sites and species which may be attributed to differences in physiology, exposure conditions and environmental factors. 21, 27, 42 Increasing organism size is generally associated with slower depuration rates and/or higher trophic status of the organism which may lead to an increase in the bioaccumulation potential for organic contaminants. 12 Higher concentrations of PFASs may, on the other hand, lead to more rapid depuration rates in aquatic organisms and result in a lower bioaccumulation potential at higher exposures. 61 Although the slightly lower median BAFs of PFOS in TL than XR could potentially be explained by the higher exposure concentrations there was no difference in BAFs for other PFASs (e.g., PFOA) that displayed large differences in concentrations (SI Figure S2) . Clearly, other factors such as coexposure to precursors, variable concentrations of particulate and dissolved organic carbon and deviation from the steadystate assumption may also impact the absolute BAF values in different directions.
Implications for Understanding Bioaccumulation of PFASs and Future Directions. In this paper we present the most comprehensive study on PFAS bioaccumulation and tissue distribution to our knowledge (415 samples for 10 tissues and 25 analytes). Collectively, the observed trends in TBRs, RBBs, and BAFs were most consistent with specific protein interactions as the governing mechanism for uptake and accumulation of PFASs although phospholipid partitioning may contribute to the accumulation of long-chain PFASs in specific tissues. Nevertheless, there are still many uncertainties related to interpreting the trends in tissue distribution data and building mechanistic models. As noted previously by Ng and Hungerbuehler 14, 15 improved understanding of the partitioning to phospholipids and protein sorption behavior for a wider range of PFASs under biologically relevant conditions is urgently needed. Combining measurements of PFASs with a biochemical characterization of tissue composition is another research priority that would allow improved statistical evaluation of the large interindividual variability in TBRs and RBBs in different tissues. Such data would also be valuable input for mechanistic models which typically rely on a mix of tissue composition data from different organisms including data from rodents to parametrize a fish model. 19 The significant contribution of short-chain homologues to ∑PFAS concentrations, particularly in TL samples, demonstrates the need for a better understanding of the uptake and accumulation of these substances. Although the current study corroborates previous assumptions that these substances are not bioaccumulative according to regulatory criteria 3 and demonstrates that short-and long-chain PFCAs and PFSAs have a similar internal distribution in fish, the high mobility, and bioavailability in combination with the proximity of emission sources lead to relatively high levels in fish tissues. Considering that emissions of short-chain PFASs are expected to increase globally 7, 8 these measurements from point source areas may be taken as early warnings of a poorly reversible global contamination issue. 11 It should also be noted that little is known about the bioaccumulation potential of short-chain PFASs with other functional groups and if biomagnification can occur in air-breathing organisms. We, therefore, strongly encourage further mechanistic bioaccumulation/biomagnification studies on short-chain PFASs to support a sustainable management of these substances.
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